The main objective of this paper is to study the removal of Cadmium(II), Lead(II), Chromium(VI), and Mercury(II) ions by sorption onto different natural and synthetic nanoparticles. Special attention has been given to the application of fish bone in nanoform as a useful, inexpensive and eco-friendly alternative material. A comparison between natural hydroxyapatite (fish bone), synthetic hydroxyapatite nanoparticles (HAP) and alginate-hydroxyapatite composite (Alg/Hap) to assess their removal efficiencies to remediate the selected heavy metals has been done. Surface characterization by using different techniques has also been performed to understand the influence of surface characteristics of the adsorbent materials in the removal process. Different parameters (pH, contact time, mass dose and metal ion concentration) have been examined to identify the optimum conditions for remediation of different metals from polluted water. The potential applications of the biosorbents for removal and sorption of these metal ions from seawater and wastewater samples were also investigated and evaluated.
Introduction
Environmental pollution, in general, is a major hazard facing the world today and there is an increasing awareness about protection of the marine environment which became one of the major challenges facing the world [1] - [9] . Pollution due to the discharge of heavy metals in the marine environment of Egypt has received recently considerable concern due to their toxicity, abundance and persistence in the environment [10] - [19] .
Common removal technologies of heavy metals are membrane separation, ion exchange, electrodeposition, and chemical precipitation. These methods proved to be costly and inept, especially in removing trace amounts of heavy metals. Another disadvantage is the production of sludge or mud, which requires proper disposal and confinement. On the other hand, adsorption effectively removes contaminants from wastewater with high solute loadings and even at dilute concentrations (<100 mg/l) [20] [21] [22] [23] .
A wide range of biomaterials available in nature has been employed as biosorbents for the desired pollutant removal. Various forms of fish bones have been utilized including but not limited to a) cobalt removal by animal bones; b) lead removal by fish bone waste hydroxyapatite powder; c) immobilization of lead with nanocrystalline carbonated apatite present in fish bone; d) anchoring hazardous metal ions using modified fishbone; e) lead removal using unmodified fishbone; f) lead removal using waste fish bone via ion exchange; and g) desorption of lead adsorbed by fish bone. Thus, fish bones have become an attractive, cheap and abundant waste for in-situ lead stabilization from contaminated waters [24] [25] [26] [27] [28] .
In this study, special attention has been given to the application of fish bones in a nanoform to remove Cadmium(II), Lead(II), Chromium(VI), and Mercury(II) ions from contaminated waters. A comparison between natural hydroxyapatite (fish bones), synthetic hydroxyapatite nanoparticles (HAP) and alginate-hydroxyapatite composite (Alg/Hap) was carried out to assess their removal efficiencies to remediate the selected heavy metals.
Materials and Methods

Equipment
A scanning electron microscope (SEM) was used equipped with FEI Quanta 250 Orbit to monitor and characterize the surface morphology of all nanobiosorbents under study. A JEOL-JEM2100 (Japan) high resolution transmission electron microscope (HR-TEM) was applied to determine the particle size diameters and the inner surface morphology of all nanobiosorbents. A FT-IR spectra was recorded on a Shimazdu Prestige-21 FTIR between 400 and 4000 cm −1 . A Powder X-ray diffractometer (XPERT-PRO-Analytical-Netherland) was used to evaluate the surface structure of the prepared nanobiosorbent by using Ni-filtered CuKα radiation at 45 KV in the range of 10 -80 (2-theta) and by using K = 0.9 as Scherrer constant. The crystalline size is calculated by using Scherrer Equation where λ is the wavelength of the X-ray radiation and β is the full width at half maximum of the peaks at a diffracting angle θ.
Thermogravimetric analyses (TGA) were carried out in a nitrogen atmosphere using Perkin-Elmer TGA7 Thermo balance. The selected operating conditions are a temperature heating range = 20˚C -600˚C, a heating rate = 10 ˚C•min −1 , a flow rate = 20 mL•min −1 pure nitrogen atmosphere and the sample mass was taken in the range of 5.0 -6.0 mg.
Determination of metals concentrations was carried out by using an Agilent atomic absorption spectrophotometer (240 AA Spectrometer). The flame unit was used together with an auto-sampler (Agilent SPS3 Autosampler) for automated flame operation at the appropriate wavelength for each metal.
Preparation of Different Biosorbents
Preparation of Nanopowders Hydroxyapatitefrom Fish Scales
Bones of Tilapia nilotica fish were collected from a local market, and then washed with hot distilled water for several times to remove any organic compounds. Additional washing with 0.1 M HCl followed by distilled water for several times.
The remaining proteins of fish bones were then treated with 5% NaOH, heated and stirred at 70˚C for 5 hr. Next, the washed fish bones were dried in an oven at 80˚C and then ground by ball mill and sieved for the desired size range. The HAP nanopowder was then washed thoroughly with deionized water until the washing solution became neutral and then dried at 80˚C [29] .
Preparation of Nanohydroxyapatite (HAP)
Hydroxyapatite compounds were prepared by the solution-precipitation method 
Biosorption Studies
All batch sorption experiments were carried out at room temperature (25˚C ± 1˚C). Sorption equilibrium and isotherm studies were evaluated by varying the initial metal ion concentration from 0.025 to 1.0 M. Removal and biosorption capacity of Cd(II) and Pb(II) ions were investigated in presence of other competing ions of molar concentration. The examined solutions were prepared by mixing a 1.0 mL of 0.1 mol•L −1 solution of the metal under study with a 100 mg of an interfering ion (Na(I), K(I), Ca(II) and Mg(II)) individually. The residual metal content was determined by atomic absorption spectrometer.
Biosorption capacity of metal ions (µmol•g −1 ) was calculated from Equation 
where, C o and C (mol•L −1 ) are the initial and residual metal ion concentration respectively, V (L) is the aqueous volume of the sorption reaction, m (g) is the mass of dry biosorbent and q (µmol•g −1 ) is the biosorption metal capacity that represents the amount of metal ion (µmol) adsorbed per gram of dry biosorbent. The percentage of metal extraction was then calculated using Equation (3).
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where, C o and C (mol•L −1 ) are the initial and residual metal ion concentration respectively [32] .
Results and Discussion
Surface Morphology and Characterization
The SEM micrographs of the different biosorbents before the adsorption process are shown in Table 2 . It should be noted that the particle dimension obtained by HR-TEM is higher than the corresponding calculated crystal size. This difference may be explained by the presence of aggregates in HR-TEM grain consisting of several crystallites [31] . The absorption band at (1040 cm −1 ) is attributed to the C-O-C (cyclic ether) stretching vibration. An absorption band can be observed at (552 cm −1 ) which is attributed to the bending of 3 4 PO − of HA. The broad band (3100 cm −1 ) is assigned to stretching of the -OH groups of absorbed water [30] .
The TGA thermograms of the studied biosorbents are shown in Figure 6 . The first endothermic region ranged from 30˚C to 400˚C was corresponding to the dehydration of the precipitating complex and the loss of physically adsorbed water molecules. The weight loss in this region is approximately 16% in case of natural fish bone ( Figure 6(a) ); while this percentage increase slightly in synthetic hydroxyapatite powder due to the remaining water content from the preparation (Figure 6(b) ). With increasing temperature from 400˚C to 600˚C no peak has been observed, except a weight loss of 4% -6% which is probably due to the gradual hydroxylation in hydroxyapatite powder. 
Biosorption Studies
Effect of the Medium pH on the Metal Biosorption Capacity
The effect of pH value of contact solution on the metal sorption capacity values was studied in various acidic and neutral solutions at different pH 1.0 -7.0 as plotted in Figure 7 Figure 7 (a). The efficiency of all biosorbents towards lead (II) removal was strongly affected by the solution pH. As a general trend, the maximum sorption capacity values were observed at pH 1. In addition, the lead sorption was found to gradually decrease from pH 1 to pH 3 followed by a significant decrease to a minimum value at pH 7. The high sorption capacity values observed at lower pH values (pH < 7); where the biosorbents are positively charged; are attributed to the predominance of the cation exchange mechanism [35] . On the other hand, the effect of pH on the Cd(II) sorption capacity indicated that the maximum biosorption capacities of various investigated biosorbents were observed at pH 5 (Figure 7(b) ). The metal biosorption was found to gradually increase from pH 1 to pH 4, followed by a dramatic rising in the biosorption capacity values by the pH 5 and pH 6. By increasing the pH value to pH 7, maximum biosorption capacity values were obtained by the studied and evaluated biosorbents. In addition, at low pH, the low sorption capacity values are attributed to the interference caused by the high concentration of hydrogen ions which occupy active binding sites leading to inhibition of metal sorption. The significant increase in metal ions uptake in the range of pH 4 -7, is mainly due to increasing the active binding sites by deprotonation of the surface functional groups occurred at higher pH [32] .
The results indicated also that the maximum biosorption capacities of various investigated biosorbents were observed at pH 5 for Cr(VI) and pH 6 for Hg(II). The metal biosorption was found to gradually increase from pH 1 to pH 4, followed by a dramatic rising in the biosorption capacity valuesin case of Cr(VI) at pH 5 and pH 6 in case of Hg(II). Worth mentioning that the low sorption capacity values at low pH values are attributed to the interference caused by the high concentration of hydrogen ions which occupy active binding sites leading to inhibition of metal sorption [36] . The significant increase in metal ions uptake in the range of pH 4 -7, is mainly due to increasing the active binding sites by deprotonation of the surface functional groups occurred at higher pH [32] .
The functional groups responsible for binding with heavy metal ions are generally in the form of hydroxyl (-OH), phosphate ( 3 4 PO − ), carbonate ( 2 3 CO − ) in the three phases and carboxylate (-COO − ) for Alg/Hap only. Two dominant mechanisms for the ability of HAP to take up divalent cations have been proposed [36] . The first mechanism is the adsorption of metal ions on the HAP surfaces following an ion exchange reaction between metal ions adsorbed and Ca(II) ions of HAP. These ion exchange reaction mechanisms are expressed as: 
The second mechanism is the dissolution of HAP in aqueous solution containing metal ions followed by precipitation such as hydroxyl pyromorphite [Pb 10 (PO 4 ) 6 (OH) 2 , HPy] in case of solution containing Pb(II) i.e., the dissolution-precipitation mechanism, which is written as: The comparable study of all investigated biosorbents towards Pb(II), and Cd(II) biosorption indicates that:
-The optimum buffering condition of all biosorbents for Pb(II) removal is pH 1; while that for Cd(II) is pH 5 at which each biosorbent exhibit maximum metal sorption capacity. 
Effect of the Reaction Contact Time on the Metal Biosorption Capacity
To 
Effect of the Biosorbent Dosage on the Metal Biosorption Capacity
The effect of the biosorbent dosage on the biosorption capacity values were investigated under optimum buffering conditions for each metal ion by different biosorbent doses (5 -50 mg) with initial concentration (0.1 mol•L −1 ) of each metal ion (Figures 9(a)-(d) ). The maximum biosorption capacity was achieved when 5 mg biosorbent dose was used.
Based on the previous results, it can be concluded that the biosorption capacity values of the examined metal ions showed a decreasing order with increasing the biosorbent dosage until achieve equilibrium [37] . However, the high determined metal biosorption capacity values in lower biosorbent doses (5 and 10 mg) are mainly due to the high availability of metal ion solution compared to the exposed surface area as well as active centers. In the case of high sorbent dose (50 mg), the opposite trend was observed. This behavior may be attributed to the formation of aggregates during biosorption causing a direct decrease in the effective uptake with respect to the exposed surface area at high biosorbent dosage [29] [38].
Effect of Interfering Ions on the Metal Biosorption Capacity
The effect of matrix or interfering ions can be presented by a competitive study for the sorption of the metal ion under study in presence of other interfering cations. A number of competing species were used in this study including Na(I), K(I), Ca(II) and Mg(II) by using equimolar concentration of each metal ion.
This study was performed at optimum conditions for each metal ion by various biosorbents, F.B, HAP, and Alg/Hap (Figures 10(a)-(d) ). The results of the metal biosorption capacity values in presence of an interfering ion and the value obtained in absence of the interfering ion for Pb(II), Cd(II), Cr(VI) and Hg(II) are listed in Table 3 . It was found that Na(I) and K(I) causing limited inference behaviors compared to Ca(II) and Mg(II). The different affinities of interfering ions in competitive biosorption are due to the difference in their ionic charges and ionic radii as well as the nature of functional groups present on the biosorbent [39] .
The results of the present study confirmed that the effect of interfering ions on the metal biosorption by different biosorbents is based on the following order: Ca 2+ > Mg 2+ > K + > Na + .
Potential Applications of Biosorbents for Removal of Pb, Cd, Cr(VI), and Hg(II) Ions from Water Samples
The potential applications of the biosorbents for removal and sorption of Pb, Cd, Cr(VI), and Hg(II) from seawater samples were studied. The concentrations of Pb and Cd ions in water samples before removal are illustrated in Table 4 . 
